Amplified fragment length polymorphism (AFLP) analysis has been used to characterize 15 root-knot nematode populations belonging to the three parthenogenetic species Meloidogyne arenaria, M. incognita and M. javanica. Sixteen primer combinations were used to generate AFLP patterns, with a total number of amplified fragments ranging from 872 to 1087, depending on the population tested. Two kinds of polymorphic DNA fragments could be distinguished: bands amplified in a single genotype, and bands polymorphic between genotypes (i.e. amplified in not all but at least two genotypes). Based on presence/absence of amplified bands and pairwise similarity values, all the populations tested were clustered according to their specific status. Significant intraspecific variation was revealed by AFLP, with DNA fragments polymorphic among populations within each of the three species tested. M. arenaria appeared as the most variable species, while M. javanica was the least polymorphic. Within each specific cluster, no general correlation could be found between genomic similarity and geographical origin of the populations. The results reported here showed the ability of the AFLP procedure to generate markers useful for genetic analysis in root-knot nematodes.
Introduction
Root-knot nematodes (RKN) constitute the most widely distributed group of plant-parasitic nematodes. These biotrophic endoparasites cause extensive damage to a wide variety of economically important plants, and are responsible for world-wide annual loss, estimated at about 5% (Sasser & Carter 1985) . Among the 55 described species, Meloidogyne arenaria, M. incognita and M. javanica are considered the three major species, accounting for 90% of this destruction (Lamberti 1979) . These three species are homogenously encountered from temperate to tropical regions. In contrast to most Meloidogyne species, which are generally parasitic against a specific botanical family only, they are extremely polyphagous pests, with a wide host range of up to 3000 plant species including most of the commercial crops. Of particular concern is also the mode of reproduction of these three species, which is mitotic parthenogenesis. Although still hypothetical, the evolutionary pathway of RKN has been based on the following assumptions: (i) parthenogenetic nematodes evolved from ancestral forms that were amphimictic; (ii) all the mitotic parthenogenetic RKN probably evolved from meiotic parthenogenetic ancestors, or less likely, from amphimictic ones, following suppression of the meiotic process during maturation of the oocytes (Dalmasso & Bergé 1983; Triantaphyllou 1985) .
The reasons for the widespread distribution of these three species remain unclear. Considering the fact that RKN are probably extremely ancient species, it seems likely that they are indigenous to most of the areas where they have been found. However, recent molecular data demonstrated a low level of infraspecific polymorphism within these three parthenogenetic species (Block et al. 1997b) , which is not in agreement with the hypothesis of their indigenous origin. Comparisons of corresponding mtDNA coding sequences from M. javanica and M. incognita have indicated a very low nucleotide divergence, suggesting that their establishment as distinct species was a relatively recent event (Okimoto et al. 1991) . Therefore, an alternative scenario could be both recent evolution and spread from a few centres of origins around most of the world through agricultural practices (e.g. infested plant-ing material), as has been demonstrated for potato cyst nematodes (Bakker et al. 1993) . Considering the enormous host range of RKN, such an explanation for their very large geographical distribution has already been speculated (Trudgill 1995) , but current knowledge of evolutionary relationships both between and within amphimictic and parthenogenetic species is too fragmentary to help infer the origin of (putative) ancestral Meloidogyne.
The recently described AFLP procedure, based on the selective amplification of restriction fragments from DNA of a given genotype, has provided a novel and very powerful DNA fingerprinting technique, with typically 50-100 fragments analysed simultaneously (Zabeau & Vos 1993; Vos et al. 1995) . In this study, we evaluated the AFLP technique to investigate the genotypic diversity in populations of the three parthenogenetic RKN species, M. arenaria, M. incognita and M. javanica. The objective of this study is to provide information on infraspecific variation in RKN, as a preliminary step towards the understanding of their evolutionary relationships in connection with both their wide host range and their particular reproductive and parasitic strategies.
Materials and methods

Meloidogyne spp. populations and DNA extraction
The name and geographical origin of nematode populations are reported in Table 1 . Each nematode population used in this study consisted of a field isolate and originated from a single female. Except for the six populations kindly provided by Dr Vivian Block, SCRI Dundee (nos 10, 17, 18, 23, 24 and 34) , all the nematodes have been maintened on tomato plants in the INRA Antibes greenhouse collection for several years, and were identified, at the species level, according to their isoesterase electrophoretic pattern (Dalmasso & Bergé 1978) .
For each nematode population, total genomic DNA was isolated from 100 to 200 µL of second-stage juveniles pooled together. Nematodes were frozen in liquid nitrogen, ground by mortar and pestle and total genomic DNA was extracted as follows. The powder was incubated in extraction buffer (5 M NaCl, 1 M Tris pH 8, 0.5 M EDTA, 2.3% SDS, 0.5% triton) at room temperature, washed in homogenization buffer (5 M NaCl, 0.2 M sucrose, 0.5 M EDTA) at room temperature and incubated in lysis buffer (2 M tris pH 9.2, 0.5 M EDTA, 2.3% SDS) at 55°C for 30 min and at room temperature for a further 10 min. The sample was then purified according to a phenol/chloroform procedure (Sambrook et al. 1989) . Following ethanol precipitation, DNA was resuspended in 1× TE buffer to a final concentration of 500 ng/µl and stored at -20°C.
AFLP procedure
The AFLP procedure was performed as originally described (Zabeau & Vos 1993; Vos et al. 1995) with some minor modifications (choice of the rare cutter enzyme, amount of DNA restricted and final volume of enzymatic reactions, cycling programs and number of amplification cycles in both the preselective and selective PCR reactions).
Adapters and oligonuceotides used in this study were supplied from Eurogentec. The sequences of the adapters were as follows. HindIII adapter, 5´-CTCGTAGACTGCGTACC-3´, 3´-CATCTGACGCATGGTCGA-5Ḿ seI adapter, 5´-GACGATGAGTCCTGAG-3´, 3´-TACTCAGGACTCAT-5Ṕ reselective and selective primers were derived from primers H + 0 (5´-GACTGCGTACCAGCTT-3´) and M + 0 (5´-GATGAGTCCTGAGTAA-3´), which are complementary to the core of the adapter sequences. 
DNA restriction and ligation of adapters
One microgram of DNA from each sample was double digested with 10 units each of HindIII and MseI for 3 h at 37°C in RL buffer (10 mM Tris pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/µl BSA) in a final volume of 80 µL. Then, 10 µL of a mixture containing 5 pmoles of HindIII adapter, 50 pmoles of MseI adapter, 1 unit of T4
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Selective amplification
The H + AAA primer (5 ng) was labelled using 33 P-dATP and T4 polynucleotide kinase for 45 min at 37°C and 15 min at 70°C. Amplification was performed as described above using 5 ng of labelled and 30 ng of unlabelled selective primer (M + three additional nucleotides) and 1 µL of pre-amplified DNA previously fivefold diluted in 1× TE buffer. The cycle profile was as follows: 1 min 94°C, 1 min 20 s at 65°C, 1 min at 72°C. The annealing temperature was subsequently reduced each cycle by 0.7°C for the next 12 cycles, and was continued at 56°C for the remaining 24 cycles.
Gel analysis
The PCR products were mixed with one volume formamide dye (98% formamide, 10 mM EDTA, 0.025% each of xylene cyanol and bromophenol blue) and denatured for 3 min at 90°C. Five µl of the mix was loaded onto a 4.75% denaturing polyacrylamide gel and electrophoresed in 1× TBE buffer at 50 W for 2 h. The gels were dried on Whatmann 3 mm paper and X-ray films were exposed for 2-3 days at room temperature.
Data analysis
Autoradiographs were visually evaluated on a bench viewer. Every experiment was repeated at least once, and only DNA fragments consistently present or absent between repeats were taken into account for the analysis. The presence or absence of a DNA fragment in a genotype was considered as a binary character, and DNA fingerprints were converted to a matrix of similarity values (F) using the formula F = 2 Nxy/(Nx + Ny), where Nx = number of fragments in genotype x, Ny = number of fragments in genotype y and Nxy = number of fragments shared by genotypes x and y (Nei & Li 1979) . To simplify data treament, quantitative polymorphisms (i.e. variable band intensities and/or reproducible faint bands) were not taken into account. Cluster analysis was based on similarity matrices using the U P G M A (Sneath & Sokal 1973) and neighbour-joining (Saitou & Nei 1987 ) methods performed with P H Y L I P 3.5c software (Felsenstein 1993) . Relationships between nematode populations were visualized as dendrograms.
Results
Sixteen (Fig. 2) . Meloidogyne arenaria and M. javanica appeared closer to one another than to M. incognita, as indicated by the interspecific similarity values (0.74 < F < 0.76 between M. incognita and M. javanica populations; 0.71 < F < 0.80 between M. incognita and M. arenaria populations; 0.87 < F < 0.90 between M. arenaria and M. javanica populations). The same clustering and relationships between the three species were displayed in the neighbour-joining dendrogram (data not shown).
Intraspecific variation was also revealed by AFLP, with DNA fragments polymorphic among populations within each of the three species tested (Fig. 1) . The proportions of polymorphic amplified fragments were 9.7%, 4.4% and 3.3% in M. arenaria, M. incognita and M. javanica, respectively. Thus, M. arenaria appeared as the most variable species, and M. javanica was the least. The estimated similarity among M. arenaria populations averaged 0.90 and ranged from 0.89 to 0.91, while it averaged 0.96 and 0.97 and ranged from 0.91 to 0.99 and from 0.95 to 0.99 among M. incognita and M. javanica populations, respectively. Within each specific cluster, no general correlation could be found between genomes and geographical origin (Fig. 2) . Some populations originally collected from very distant areas displayed very high similarity values (for example, F = 0.99 for M. incognita populations AN1 (France) and AN31 (Taiwan), or M. javanica populations no. 23 (Burkina Faso) and no. 24 (Spain)). On the contrary, some populations from close geographical origins were not clustered together. For example, M. incognita populations AN1 (Valbonne) and AN11 (Calissane) were both collected in the south-east of France, but they were not closely related on the basis of their AFLP patterns, as shown by the U P G M A dendrogram (Fig. 2) .
Discussion
The present study was conducted to evaluate the application of the recently described AFLP technology as a new method for DNA fingerprinting in parthenogenetic nematodes of the genus Meloidogyne. The results demonstrated that AFLP is a powerful method for the characterization of infraspecific polymorphism among populations of M. arenaria, M. incognita and M. javanica. Reproducibility of AFLP banding patterns was very high, thus lending support to the conclusions derived from the analysis. To our knowledge, this is the first time that AFLP has been used to characterize genomic variability of RKN species.
The development of the polymerase chain reaction (PCR) technology has offered new perspectives in the field of RKN diagnosis. Primers specific to mtDNA sequences (Powers & Harris 1993; Stanton et al. 1997) or satellite DNA sequences (Castagnone-Sereno et al. 1995) allowed unambiguous specific characterization of RKN, even from a single individual. DNA fingerprinting by random amplified polymorphic DNA (RAPD) analysis was also successfully used, but the infraspecific polymorphisms detected remained rather low, especially within both M. incognita and M. javanica species (Baum et al. 1994; Castagnone-Sereno et al. 1994; Cenis et al. 1993) . A noteworthy result of the present study is the finding that AFLP displayed a higher rate of polymorphism among RKN species and populations compared to that obtained with RAPD, as previously demonstrated for the potato cyst nematode species Globodera pallida and G. rostochiensis (Folkertsma et al. 1996) .
At the specific level, the genetic relationships inferred from this study are in close agreement with RAPD data: M. arenaria and M. javanica were found to be closer to each other than to M. incognita (Baum et al. 1994; CastagnoneSereno et al. 1994) . Also, the rather low variability in M. incognita and M. javanica compared to that observed among M. arenaria populations is consistent with RAPD analysis, and could suggest that the 'species' M. arenaria may be a composite group including distinct lineages. Cytological studies indicated the occurrence of a major triploid form in M. arenaria (with a somatic chromosome number larger than 50), along with less frequent diploid (2n = 30-38) and hypotriploid (2n = 40-48) isolates (Triantaphyllou 1985) . Based on this, it has been assumed that the taxonomic status of the diploid and hypotriploid forms was rather uncertain. Previous studies of isoenzyme variation revealed low diversity within both M. javanica and M. incognita, but high diversity within M. arenaria (Esbenshade & Triantaphyllou 1987) . More recently, a RFLP analysis showed a significant dichotomy of mtDNA within M. arenaria compared to other parthenogenetic RKN species (Hugall et al. 1994) . Our data are in good agreement with all of these studies, which when considered together strongly suggest that M. arenaria as presently defined may not be a discrete genetic unit. Compared with potato cyst nematodes (Folkertsma et al. 1996) , which are Table 1. amphimictic organisms, AFLP nevertheless revealed here an overall high homogeneity within each parthenogenetic RKN species (even within M. arenaria). In the case of soil organisms with a low potential of population dispersal, this (relative) lack of genetic variation could be considered as the result of a mechanism allowing conservation of the best adapted genotype for its specific environment. Assuming that parthenogenesis is likely to provide such a selective advantage, it may therefore represent, in RKN, an alternative to the classical hypothesis of the advantages of amphimixis (i.e. increased progeny fitness because of reciprocal gene exchange; Kondrashov 1993) .
Within each of the three RKN species, the cluster analysis did not reveal any correlation between genomic similarity and geographical origin of the populations. Such a result is in good agreement with a recent RAPD work on tropical Meloidogyne spp. which showed that grouping of lines within a species did not reflect their geographical provenance (Block et al. 1997b) . Even though the number of populations tested here is rather low and should be increased to strengthen the informative value of our data, this study nevertheless provides arguments for the hypothesis that RKN may not be indigenous throughout their current geographical distribution (Block et al. 1997a; Trudgill 1995) . The fact that populations which are very similar at the genome level were found in widely separated areas (Table 1) suggests that they could share a common centre of origin. The presence of populations with very low genomic similarity in the same region could be the result of random dissemination from a number of centres of origin and juxtaposition through agronomical practices rather than extreme genetic drift from a common and local ancestor.
From a practical point of view, the ability to accurately detect polymorphisms between RKN populations is of outstanding importance for the design of effective integrated control of these parasites. Plant resistance is currently the most efficient and environmentally sound method of controlling RKN, but the implementation of crop rotations including resistant cultivars requires
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 119-125 Table 1. specific and subspecific identification of these pests. The fact that most Meloidogyne species (including M. arenaria, M. incognita and M. javanica) reproduce by parthenogenesis precludes any Mendelian genetical approach with these nematodes (i.e. crossing experiments), making it sometimes difficult to infer relationships between (unidentified) groups within this genus. Moreover, the occurrence of virulent populations able to reproduce on plants carrying resistance genes further complicates the situation (Castagnone-Sereno 1994) . Therefore, a better knowledge of both frequency and distribution of virulent isolates is urgently needed. Thus, research focusing on the identification of molecular markers able to accurately discriminate at a number of levels (species, populations, pathotypes) should be encouraged. Within the scope of subsequent ecological and epidemiological studies, AFLP fingerprinting could be further extended to a broad survey of populations present in both cultivated areas and natural native ecosystems, in order to evaluate the impact of coevolution between host plants and parthenogenetic RKN on their biodiversity.
